Sonicated rabbit-liver chromatin is fractionated by ion-exchange chromatography on ECTHAMcellulose, a weakly cationic adsorbent. The chromatographic procedure provides a series of fractions having a spectrum of thermal denaturation profiles. The earliesteluting fractions melt cooperatively at a significantly higher temperature than bulk chromatin, and totally lack any of the components of chromatin that melt at low temperatures. In contrast, the latest-eluting fractions are significantly enriched in their content of DNA sequences that melt at low temperatures. Although Experimental data describing molecular events during cellular development, differentiation, and division can only be interpreted to a limited extent because of the paucity of detailed knowledge about the structure of chromatin. In particular, the putative structural differences between the portions of chromatin containing transcribed DNA sequences and the remainder of the chromatin are poorly defined. Given the functional heterogeneity of DNA sequences in chromatin, e.g., only some sequences are transcribed in vivo (1), and the complexity of chromatin as a structural entity, it is reasonable to expect structural heterogeneity at a level amenable to fractionation.
Experimental data describing molecular events during cellular development, differentiation, and division can only be interpreted to a limited extent because of the paucity of detailed knowledge about the structure of chromatin. In particular, the putative structural differences between the portions of chromatin containing transcribed DNA sequences and the remainder of the chromatin are poorly defined. Given the functional heterogeneity of DNA sequences in chromatin, e.g., only some sequences are transcribed in vivo (1) , and the complexity of chromatin as a structural entity, it is reasonable to expect structural heterogeneity at a level amenable to fractionation.
Several fractionations of chromatin based on differential sedimentation or solubility have been described (2) (3) (4) (5) . Most of these have split the sample operationally into two subpopulations and, hence, have failed to display the continuum of species expected from random breakage of an extended molecule containing two types of interspersed regions. We report here a new fractionation technique that uses ion-exchange chromatography to provide resolution of a spectrum of molecular types in a sample of sonicated chromatin. The extremes of this spectrum differ strikingly in both physical properties and protein contents. Abbreviation: Nadod S04, sodium dodecyl sulfate.
EXPERIMENTAL
Chromatin was isolated from livers of mature New Zealand White rabbits. Livers were removed after exsanguination of the animals, and nuclei were prepared by the Triton X-100 procedure of Hymer and Kuff (6) . Chromatin was then prepared by washing the nuclei in solutions of decreasing ionic strength at pH 8.0 (7) . After the final centrifugation of this procedure, chromatin was sheared in 1 mM Tris HCl (pH 8 .0) for 90 sec at 90 V in a Waring Blendor, then centrifuged at 10,000 X g for 30 min to remove unsheared chromatin.
DNA was isolated from chromatin by an initial sedimentation from 1% sodium dodecyl sulfate (Nadod S04) for 48 hr at 200 and 106,000 X g. The pellet was dissolved in 2 M NaCl-1% Nadod S04-0.05 M Trise Cl (pH 8.0) and further purified by three cycles of chloroform-isoamyl alcohol extraction (8) . The purified DNA contained less than 0.5% protein.
A Branson Sonifier Cell Disruptor (model W185) was used for sonication of chromatin. The sample (18 ml at 0.4-0.6 mg of DNA/ml) was placed in an aluminum fluted cell, and the microtip for the sonifier horn extended 4.5 cm into the sample. The cell was suspended in a vigorously stirred ice-water bath, which maintained the temperature of the sample at less than 2°during the 120 sec of sonication.
Viscosities of chromatin samples were measured (9) Proc. Nat. Acad. Sci. USA 69 (1972) Sonicated chromatin was chromatographed on this adsorbent in two fashions. In the first, the column is loaded to about 80% of its capacity at pH 7.2 and elution is effected by washing the column with 0.01 M Tris base-0.01 M NaCl (Fig. 1) . The titration of the ionizing groups of the adsorbent by the high-pH solution results in elution of the chromatin as a single broad peak. The weakest binding molecules are eluted first in the peak, followed by a gradual transition to the more strongly bound molecules eluted at the tail of the peak.
As a primary means of analysis of the column fractions, we have used thermal denaturation. This choice was based on the observation of a broad, multicomponent melting profile for chromatin by others (14, 15) . Indeed, this heterogeneity of melting constitutes one of the best bits of evidence for the presence of structural heterogeneity in chromatin. Comparison of the melting profiles of the extreme regions of the column elution pattern reveals highly significant differences (Fig. 2) . The early-eluting fractions melt at a higher temperature than bulk chromatin, and show no detectable trace of components that melt at low temperatures. In contrast, the tail fractions of the peak eluted from the column are strikingly enriched in DNA that melts at low temperatures. None of the DNA in these fractions melts at a temperature as low as that of protein-free DNA in this solvent (Tm = 450), and the breadth of the transition indicates that significant heterogeneity in the low-melting material persists.
The melting profiles of the middle fractions of the peak are between these two extremes. After fraction 40, there is an appearance of low-melting component, which gradually increases, becoming identical to the amount in unfractionated chromatin at fraction 47. After this point, further enrichment in low-melting component occurs, attaining at fraction 51 the limit shown as the latest-eluting fraction in Fig. 2 trophoresis shows clear-cut differences in the contents of specific proteins among the various chromatin fractions (Fig.  3) . While the content of most individual proteins is nearly constant in all the chromatin fractions, there are some differences in both histones and nonhistone proteins. Histone f1, the lysine-rich group, is considerably diminished in content in the later-eluting material. A low molecular weight nonhistone fraction, which has an electrophoretic mobility greater than fi histone, appears to be present primarily in the early column fractions. A particular high molecular weight nonhistone protein, present in unfractionated chromatin, but absent in the early and middle chromatographic fractions, appears at high concentrations in the later column fractions.
Scans of these gels allow a more facile quantitation of these changes. The total absence of the high molecular weight nonhistone protein in the early-and middle-eluting material is apparent (Fig. 4) . In the later-eluting fractions (numbers 50 and 51) of the chromatin, the scans demonstrate both the appearance of the large nonhistone protein (left arrows in the bottom scans of Fig. 4 ) and the diminution in the content of fi histone (right arrows in the bottom scans of Fig. 4). A limitation of the titration method of elution of this underloaded column is that only 80% of the applied material is recovered upon elution with 0.01 M Tris base. The remaining material can be eluted only under conditions that destroy chromatin structure and, hence, are unsuitable for our purposes. We have used displacement chromatography for examination of the tightly bound, noneluted material. In this approach, chromatin is applied to well beyond the capacity of the column, for example to 10 times the capacity. The Fractionation. of Chromatin 2319 weaker binding molecules from the adsorbent and produce a progressive enrichment in tight-binding material on the adsorbent. Operating at equilibrium, after application of 10 times the column capacity, only the tightest-binding 10% of the sample would be retained by the adsorbent. Titration elution of such a column, containing the tightest-binding 10% of the input stream, with 80% recovery of the material on the column, would then allow examination of all but the most firmly bound 2% of the sample. We have performed such an experiment, using a 0.5-g column of ECTHAM-cellulose. After the column was loaded with 10 times its capacity of sonicated chromatin, elution was performed by titration, with recovery of 80% of the material that was absorbed to the ECTHAM-cellulose at the conclusion of the displacement. Analysis of this bound material demonstrated unequivocally that enrichment of tight-binding material was obtained during the displacement procedure. The first fraction eluted by titration of the overloaded column had melting properties similar to those of unfractionated chromatin, in marked contrast to the depletion in low-melting material observed for the first half of the peak from the underloaded column (see above). Subsequent fractions from the displacement column were all enriched in low-melting DNA sequences but, importantly, none more so than the last fraction eluted from the titration column shown previously.
Similarly, the protein distribution in the eluate from the displacement column confirms the trends noted for the titration column. The high molecular weight nonhistone protein is present in all the fractions eluted by titration of the displacement column, and there is a gradual depletion of fi histone in the latter 40% of the peak. Again, the maximal increase in content of the large nonhistone protein and the maximal decrease in fl content were not any greater in the fractions obtained from the displacement colunn than those that were observed in the last fractions from the titration column.
We are not totally certain that this procedure has allowed us to examine all but the tightest-bound 2% of the sample of sonicated chromatin, since the flow rate necessary for completion of the experiment within a reasonable time may be too fast to ensure displacement under equilibrium conditions. This type of experiment does, nevertheless, demonstrate that enrichment of tight-binding molecules does occur during the sample application. Further, the properties of the last material eluted from the displacement column, on the one hand, and the titration column, on the other, are comparable, both as regards melting and protein contents. This finding leads us to believe that the material eluted from the titration column probably reflects all the constituent subpopulations in the original sample of chromatin.
DISCUSSION
We assume, throughout the discussion, the simplest possible heterogeneity of chromatin. That is, that there exist two types of nucleoprotein regions in chromatin; one containing DNA sequences transcribable in vivo and one containing repressed DNA sequences. Since the transcribed portions of chromatin are likely interspersed among repressed protions, a necessary prelude to any attempt to fractionate chromatin is reduction of the particle size of chromatin to increase the likelihood of having homogeneous subpopulations of molecules. Sonication, under the conditions we have used, leads to chromatin. Evidence presented above suggests that there is little alteration in the interactions between proteins and DNA in chromatin as a consequence of this treatment.
Further, we have been able to perform the fractionation of the sonicated chromatin under conditions that seem unlikely to disrupt the nucleoprotein complex in the process of separation. The most extreme condition encountered is 0.01 M Tris HCl-0.01 Mv NaCl (pH 9.2). Matsuyama and coworkers (16) have studied the circular dichroism of chromatin in this pH range; they found no alterations when spectra were compared with those obtained under more nearly neutral conditions. Furthermore, protein dissociation or exchange is observed only at higher-salt concentrations than those that we use (17) . Finally, the titration of native chromatin in this pH range is freely reversible (18) . All together, these considerations argue against the conditions encountered in the chromatography creating heterogeneity in the sample, and suggest that our procedure fractionates preexistent heterogeneity in the chromatin.
It seems likely that most methods for reducing the particle size of chromatin, and particularly sonication, will break the polynucleotide backbone nearly randomly, thereby producing a spectrum of molecular types between the two extremes of We observe only subtle changes in chemical composition between these early-and late-eluting fractions. That is, we see nothing as major as a total absence of histones in the putative transcribable regions or a total absence of nonhistone proteins in the putative repressed regions. All fractions contain substantial amounts of both classes of proteins. At our current level of analysis, the major changes seen are diminution of lysine-rich histone and the augmentation of a particular high molecular weight nonhistone protein in the later fractions. This observation of a particular nonhistone protein associated with the low-melting fractions is one of the most Proc. Nat. Acad. Sci. USA 69 (1972) a gradual and reproducible reduction in particle size for interesting features of our current analysis of the fractionated species, although its nature is unknown. Since its appearance is roughly coincident with enrichment for low-melting DNA in chromatin, one might think that it bore relation to the group of proteins described by Alberts and coworkers, proteins that seem to stabilize single-stranded polynucleotide conformations (19, 20) . However, the molecular weight of the protein we observe (about 80,000-100,000) is much greater than those of the DNA melting proteins described in either bacteriophage or animal cell systems (19, 20) . Further, the protein we observe is not simply DNA-dependent RNA polymerase, being of lower molecular weight than either of the heavy subunits of mammalian polymerases, and a single rather than a double band (21) .
The molecular weight of the DNA in the sonicated chromatin is about 700,000, and the maximal enrichment in lowmelting DNA seen in any of our fractions is about 40-50%. Together, these data imply the maximum length of lowmelting DNA sequences to be of the order of 400-500 base pairs. Even if we assume that all low-melting stretches were broken precisely in the middle during sonication, the maximum length of a low-melting segment in native chromatin still could not exceed 1000 base pairs, enough for coding for a protein of just over 300 amino acids and far less than would code for most heterogeneous nuclear RNA. Most proteins in liver cells are larger than this size, raising the possibility that the low-melting regions of chromatin DNA are not the totality of the transcribable regions per se, but rather are linked to these transcribable portions. Perhaps only control regions, analogous to prokaryotic operators or promoters, are present in the less stabilized, low-melting structure. Use of this method for continuous resolution of the spectrum of nucleoprotein types in chromatin should allow investigation of this and other questions on the physical and chemical bases of gene regulation in eukaryotic cells.
